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The IG was successfully activated and generated impulses up to 1.2 MV with peak times as short as 0.6 µs and up to 20-kAmp peak currents. The glaze on a small safety core insulator was melted at these current levels. Flashovers along the surface initiated from the region around the triple point at the ground end of the insulator body when that area was not well shielded. One tentative conclusion is that symmetrical grading is required on both ends of the insulator to protect the insulator body from high dV/dt impulses.
The scale model tests were performed with several corona ring configurations, including the unsymmetrical one installed at Cutler. These tests showed that the flashover path can be kept away from the insulator body by bringing corona rings closer together, although this reduces the VLF withstand voltage of the insulator. Symmetrical corona ring configurations with spacing up to 2/3 of the total insulator length always flashed in the air. Non-symmetrical configurations having the small (Cutler) corona ring at the ground end flashed along the insulator surface at high values of dV/dt. The surface flashovers seemed to initiate from the triple point at the ground end of the insulator body and terminated on the high-voltage end corona ring when that triple point was well shielded.
A limited set of configurations was tested. The test results were promising, indicating these insulators can be protected from lightning-induced impulse flashovers with the appropriate corona ring configurations.
Replacing or modifying the corona rings on the existing insulators would be much less expensive than replacing the insulators. It is too late to affect the 2007 insulator replacement. However, this fix could be developed and tested in time to impact the second phase, scheduled for 2009. Following replacement of the insulators in the first array, there will be enough safety core insulators to double insulate the second array. If it can be shown that the use of modified rings and/or double insulating
BACKGROUND
Four lightning-induced insulator failures have occurred at the U.S. Navy's Cutler, Maine, VLF station since the installation of safety core insulators there in 1995. The insulators provide electrical isolation and tensile strength in the halyard that supports the corners of the 12 diamond-shaped panels, which are suspended from 26 towers. Thousands of insulators of this type are in operation at locations all over the world, including several other U.S. Navy sites, where they have operated with extraordinarily high reliability. The estimated mean time between failure (for these insulators is on the order of thousands of years [1] . The work described in this report is part of an effort to understand the failure mechanism at Cutler and implications regarding potential failures at the other U.S. Navy sites.
The strength member of the safety core insulators is a fiberglass belt wrapped around pins in the end fittings. Porcelain tubes cover the belt between the end fittings. The porcelain tubes and end fittings form a sealed chamber that is filled with transformer oil, which acts as a high-voltage dielectric to protect the belt from breakdown. The end-caps are designed to provide an air pocket that allows the oil to expand and contract with temperature variations. In U.S. Navy installations, one end-cap is physically located higher than the other end-cap. The upper end-cap is designed to keep the air pocket inside, above the fiberglass belt, at all tilt angles for that installation.
Tests of safety core insulators were done at the Navy's VLF/LF High Voltage Test Facility in Forestport, New York, during the 1980s at the time of the first consideration of their use. These tests showed that the insulators could be effectively used for the Navy's applications. However, tests on an upside-down insulator revealed that the fiberglass belt could be carbon tracked from end to end, effectively shorting out the insulator, if (1) the air bubble extended beyond the end-cap, exposing the belt to air in the high field region beyond the end-cap, and (2) enough voltage was applied. This type of failure has occurred in installations where improper installation has resulted in the wrong end-cap being up, or improper articulation of the insulator end connections put torque on the insulator body causing the seals to fail and the oil to leak out, in both cases exposing the belt to air in the high field region beyond the end-cap.
Other tests were conducted at the Navy's Edgar Beauchamp High Voltage Test Facility (EBHVTF) in Dixon, California, the successor to the facility in Forestport. These tests, which were part of the Cutler insulator failure investigation, showed that once tracking has been initiated on the carbon belt, the RF voltage can continue to drive the track across the belt, including the part under oil [2] . The results verified that even if the RF voltage is too low to initiate the belt burning in the area exposed to air, the initial burn can be initiated by lightning with subsequent completion of the track driven by the RF voltage.
The first two failures at Cutler were the result of a design flaw. The analysis following the first failure showed that the upper end-caps were not large enough to fully contain the air bubble at the shallow suspension angles for Cutler installation. A project was immediately initiated to replace the end-caps with one that did fully contain the air bubble. This was done by cycling the insulators through the factory several at a time and took about 2 years to complete. In the meantime, the second insulator failed. Both of these failures were electrical only, in that the fiberglass belt tracked but the insulator remained intact otherwise. At the time of these two failures, Cutler was operating in single array mode due to painting of the other array, and the insulator electrical failure took the station completely down.
The third failure involved an insulator with a modified end-cap. It failed electrically at the time of a lightning hit. However, both arrays were active at the time. Following the electrical failure, the array with the damaged insulator was grounded at the feed-point, and transmissions continued on the other array. This resulted in induced current flowing through the damaged insulator, burning of the fiberglass belt, and structural failure within a few hours.
When the insulator failed, the large corona ring on the halyard end of the insulator swung into the supporting tower, resulting in considerable damage. The immediate short-term fix involved removing the large corona rings from all the insulators. Also, a pressure relief diaphragm was installed in each insulator that would not allow the internal pressure to get high enough to cause the insulator to explode. The standard operating procedures (SOPs) at Cutler have been modified so that in the event of another insulator failure the transmitter will be brought completely down until the panel containing that insulator can be isolated and lowered to the ground. At the same time, the decision was made to replace all the insulators at Cutler with strings of fail-safe insulators. That project is underway and installation is planned for Summer 2007 for the first array and 2009 for the second array.
The fourth failure occurred in conjunction with a rare, very large, lightning strike (100-kAmp peak current [3] ), which shattered the porcelain tube and heavily tracked the fiberglass belt but left the belt intact structurally (Figure 1 ). The pressure relief diaphragm was intact following the fourth failure. That fact and other analysis reported by Zueck [4] indicated the porcelain was shattered from the outside, by either thermal stress or the shock wave from the high-current lightning bolt.
No failures have occurred in an array that was not actively transmitting during a lightning storm. For that reason, another SOP was initiated following failure 4 to have the transmitter turned off during lightning storms. These are rare summertime occurrences at Cutler (1-3 per year). Since that SOP was initiated, there have been no failures.
IMPULSE TESTS AT HYDRO QUEBEC
As a part of the effort to understand the Cutler insulator failure mechanisms, a set of impulse tests was done at Hydro Quebec using their large 10-MV lightning voltage simulator [5] . Discussions with the Hydro Quebec engineers indicated that the location of the flashover path is related to the absolute slope of the voltage waveform triggering the flashover. The greater the value of dV/dt, the more likely the flashover path would be along the surface of the insulator and/or penetrate into the insides of the insulator. High dV/dt impulses with flashover on the surface are believed to be the cause of the second two failures at Cutler [6] .
The Hydro Quebec tests were performed on both the safety core insulator by itself and with the two large corona rings that had been left in place at Cutler from the original long string of fail-safe insulators. For these tests, the porcelain tube of the safety core insulator was replaced with a plastic see-through tube. The test report [5] contains pictures of every flashover for these tests. Figure 2 shows one of these pictures for the safety core insulator by itself.
Careful analysis of the test data in the report, especially examination of the pictures, revealed that there was a dV/dt threshold below which flashover occurred in the air and above which the flashover occurred along the surface of the insulator. The threshold for the insulator tested was about 7 MV/µs (7x10 12 volts/second). Figure 2 shows the flashover for a voltage waveform with a magnitude of dV/dt above the threshold.
In Figure 2 , note that the streamers in the air from ring-to-ring have not quite made connection, while the flashover path down the surface of the insulator has been completed. Also, note that the surface flashover path appears to terminate at the porcelain metal interface of the smaller corona ring (upper end). Lightning simulators of the type used at Hydro Quebec simulate the full threat voltage waveform that might be generated by a lightning strike, but they do not provide the full threat current. Consequently, the flashovers along the surface did not cause any damage inside or outside the insulator. 
CUTLER CONFIGURATION ANALYSIS
Theoretical analysis of the waveform that would appear across the Cutler insulator from a nearby lightning strike showed that the dV/dt is a linear function of the peak current in the lightning strike [7] . Analysis of lightning strike data in the region around Cutler for a 5-year period indicates the median strike peak current is about 20 kAmps [3] . The lightning strikes correlated with the insulator failures are about that level, except for the fourth failure, in which the lightning strike was much larger. A 20-kAmp strike near the insulator at Cutler gives an estimated value for dV/dt of 9 MV/µs, well above the value needed to flashover on the surface.
NAVY IMPULSE GENERATOR
The EBHVTF has an impulse lightning tester that is rated at 600 kV peak. The Hipotronics IG-600 Impulse Generator (IG) was purchased by the Navy Facilities Engineering Service Center around 1989. It was unboxed, cleaned, reassembled, and readied for use in the "barn" at Dixon. Figure 3 shows the impulse generator in the background. The red vertical tubes in the foreground contain a capacitor load and resistive voltage divider.
The IG is a six-section Marx generator. Each stage has a capacitor that can be charged to 100 kV DC, but under normal operations is limited to a maximum charging voltage to 80 kV DC. The IG has a selection of resistors that can be installed in various combinations to produce impulse waves of desired front (rise) and tail (decay) rates. We started with front resistors of about 15 ohms (25 || 50) and tail resistors of about 150 ohms (200 || 450), which provided a standard pulse of 1.2 x 50 µs. Later, we changed the front resistors to about 7 ohms (25 || 10), which produced a rise time of about 0.8 µs. Finally, we installed shorting bars for the front resistors, which produced a rise time of about 0.6 µs. This is the fastest pulse this generator can produce. The charging voltage is indicated by a meter in the IG control console. The maximum pulse voltage is normally the charging voltage multiplied by the number of stages, in this case six. However, when the shorting bars are installed, the circuit overshoots, resulting in a higher peak voltage.
The impulse voltage is measured using the capacitive voltage divider, the tall red tube in the foreground of Figure 3 . The division ratio is 300:1. The divider output is connected to one channel of a digital storage oscilloscope through a string of attenuators.
The impulse current is measured using a shunt resistor connected to the ground leg of the test object. The shunt resistance is 0.01 ohms, giving an output of 0.01 volts per ampere. The output of this shunt is connected to the second channel of the scope, also through a string of attenuators. A small leakage current was observed for pulses that did not flash over the test object, but a strong signal was observed when the test object did flash over.
IMPULSE WAVEFORMS
In Figures 4 through 6, the voltage waveform is displayed as the top trace and the current waveform is displayed as the lower trace.
Standard Resistor Set
At impulses without flashover, the voltage appears as a textbook double exponential with a 1.2-µs rise time. When the voltage is just above the level required for flashover, flashover occurs well after the voltage peak as indicated by the voltage waveform being chopped to zero at the same time as the current waveform started. As the voltage is increased, the delay to flashover reduced so that the voltage was chopped earlier.
Reduced Front Resistors
With front resistors reduced to 7 ohms per stage, the impulse had a faster rise time, about 0.8 µs.
Its behavior was essentially the same.
Shorting Bars for Front Resistance
With shorting bars in place of front resistors, the voltage wave displayed decaying oscillation. The rise time was about 0.6 µs. Note that in Figure 4 that flashover has not occurred and the current shown is leakage current. As the charging voltage is increased, the first flashovers occur well after the voltage peak. Figure  5 shows an example of the voltage and current waveforms for that condition. The large peak in the current waveform at the same time that the voltage waveform is cut off is the evidence of flashover. The current rings down as an exponentially damped sine wave. As the charging voltage is raised further, dV/dt increases and flashover occurs earlier in the pulse so that the current peak and voltage drop move to the left. At sufficiently high dV/dt, flashover occurs on the leading edge of the voltage waveform before it reaches the maximum peak. An example of this is shown in Figure 6 . 
INITIAL TEST -JUNE 2005
The primary objective of the initial test was to activate the IG and determine its capability. The results are described above (Navy Impulse Generator). Following that, tests were performed on a small safety core insulator and a preliminary scale model of a Cutler insulator. A brief description of the testing with the safety core insulator is given in this section. A more detailed description of the pulser and the initial tests is contained in the test plan [8] and quick-look report [9] .
TEST OBJECTS
The test object was an Austin A-S3003S "safety core" insulator in three configurations:
• with two large rings ( Figure 7) • with only the top ring ( Figure 8) • with small rings 
TWO LARGE RINGS
This configuration ( Figure 7 ) was hit with a series of pulses starting with a charging voltage of 10 kV/stage and ending with 80 kV/stage. When there was no flashover, the peak voltage reached more than six times the charging voltage due to the circuit ringing. No flashover was observed for charging voltages up to 30 kV/stage (~200 kV peak).
At 35 kV charging voltage per stage, the insulator flashed over on roughly half the pulses. At 40 kV and above, the insulator flashed over on every pulse. All flashovers were ring-to-ring.
BOTTOM RING REMOVED
We removed the bottom ring from the insulator to see if the flashover path would then move to the surface of the insulator ( Figure 8 ). The time to flashover was 960 ns at 50 kV, and decreased as the voltage was raised. At 80 kV/stage, the time to flashover was 360 ns.
Peak voltages and currents were recorded from the oscilloscope trace. The highest peak voltage recorded was about 800 kV. This exceeds the expected maximum of 80 kV/stage x 6 = 480 kV because of the oscillations in the circuit. The oscillations occur because the front resistance was reduced to zero by using the shorting bars.
The corresponding peak current recorded was 16 kA. After shutting down and grounding the apparatus, we inspected and found the flat area near the lower end casting and a fingertip-sized area on the tip of each rain shed where the porcelain's glaze appeared to have melted and re-solidified. This is shown as slightly lighter-colored brown areas on the right-hand side of the bottom sheds shown in Figure 9 . We installed two smaller rings on the insulator and ran impulse tests at 50, 60, and 70 kV/stage. All flashovers appeared to be ring-to-ring.
REVERSED POLARITY
We reversed polarity of the IG, and ran a series of impulses on the insulator with small rings, starting at 10 kV/stage and ending at 80 kV/stage. The behavior was essentially no different from that at positive polarity. The insulator always flashed over at 40 kV/stage and above.
BASIS FOR SCALE MODEL TESTING
The basis of scale model testing of impulse flashover involves the concept of the velocity of propagation of the arc across the insulator. Arc initiation is a function of the electric field on the electrodes at ends of the insulator [10] . Once initiated, the arc then propagates across the gap with a finite velocity. This velocity is a function of the electric field at the end of the arc, which is a function of the applied voltage. As voltage (field) increases, the velocity approaches a limiting value [11] . The velocity of an arc along a surface is greater than for an arc in the air, because the material provides free electrons when hit with the ultraviolet light from the plasma in the arc.
The scaling concept originates from the idea that these velocities are a function of the electric field. Scaling to keep the electric field the same as a function of time will result in similar phenomena in terms of the transition between air and surface flashover. The electric field as a function of time is directly proportional to V(t)/d. The voltage on the leading edge of a pulse waveform can be approximated by (dV/dt)•t, where (dV/dt) is a fixed value. Thus, to keep V(t)/d constant, the scaling concept requires that (dV/dt)/d be constant.
The maximum value of (dV/dt) for our pulsar is approximately 1/7 of the one at Hydro Quebec that was used for the full-scale testing. In that case, the flashover path changed from being in the air to being along the insulator surface when dV/dt > 7 MV/µs. Our conjecture was that the same phenomena would be observed using our pulser but with objects scaled by a factor of 1/7 th . Thus, the phenomena would be the same, i.e., the transition from air to surface flashover would occur at a dV/dt of 1/7 th that for full scale, or about 1 MV/µs.
Prior to the testing, we did a literature search and consulted with a San Diego expert in high voltage [12] to try to validate our scaling conjecture. The primary references available on fast rise time impulse breakdown is work done in the 1960s by the Atomic Weapons Research Establishment (AWRE) in Aldemaston, England, by Charlie Martin [13] . A rough empirical equation has been developed that describes the breakdown across gaps greater than 10 cm long with very divergent fields:
where E is the pulse peak electric field (V/d kV/cm), + indicates different values for each polarity, d is the length of the gap, t is the pulse duration, K is a constant that depends upon polarity, P is the gas pressure of the gas between the gaps, and n is a constant that depends upon the gas.
For air, K + = 22, and n = 0.6. The pulse duration is defined as the effective pulse width and is equal to the time for which the voltage is higher than 63% of peak of the pulse.
The above equation indicates similarity for cases where the electric field and product of gap length times pulse duration remain constant and can be used to validate our scaling conjecture as follows. The pulse duration can be thought of as the inverse of the rise time, i.e., longer pulses imply slower rise time. Thus, keeping the factor d•t constant requires that rise time and gap length be scaled by the same factor. This implies that the peak field for breakdown will be the same in both cases.
The phenomenon of surface breakdown along a dielectric insulator is quite complicated, depending upon the material and the condition of the surface (dirt, oil, etc.) as well as the value of the electric field in the region of the triple points (dielectric, metal, air interfaces). Consequently, no simple equations exist that can be used to validate the surface effect scaling. Nevertheless, as discussed above, the concept of an E-field-dependent velocity in the air and a different velocity along the surface would result in the same scaling factor for surface and air breakdown as long as the entire insulator were scaled, including the triple points. As will be seen below, the experiments qualitatively confirmed this conjecture. Testing models with more than one scale factor would provide quantitative confirmation.
The limited literature search [14] [15] [16] [17] [18] [19] indicated that surface flashover in vacuum seems to be triggered by charge injection into the dielectric at the triple points at the ends of the insulator. Surface composition and condition also affect flashover. Consequently, different surface materials and shapes (rain sheds) may well change surface flashover characteristics. Residual charge on the insulator surface or in the dielectric are found to reduce the surface flashover voltage. This leads to the conjecture that there may well be a residual charge distribution on the insulator dielectric due to the RF voltage, which may reduce the surface flashover voltage. This effect needs to be investigated as well. One concern is that surface flashover for long gaps in air is not well understood, and there is no complete theory that can be applied as a basis for the corona ring design at this time. Thus, the design approach must be empirical. Scale modeling is a good way to sort through configurations but the final design must be tested at full scale. If possible, the effect of RF should be included in the testing.
CUTLER INSULATOR SCALE MODEL TESTS -SEPTEMBER 2005 CALIBRATION
The first part of the September tests involved calibrating the voltage and current dividers. The voltage calibration used the standard technique we have developed at the EBHVTF using a capacitive voltage divider. Both the voltage and current dividers supplied with the IG were found to have division ratios equal to the stated values (300:1 for the voltage divider and 100:1 for the current divider). A string of attenuators was used to bring the output voltages from these dividers down so that they could be displayed on the scope (~50 dB for voltage and ~35 dB for the current). The attenuator strings were calibrated as part of this process.
Note that throughout these tests we never used a charging voltage more than 80 kV/stage (80% of the maximum rated value). Hipotronics (test equipment manufacturer) recommends this practice. Operation at higher charging voltages is possible but significantly reduces the lifetime of the capacitors. With the calibrated dividers and using the shorting bars for the front resistors, the maximum observed peak voltages were 1.2 MV, with a time to the peak of 0.6 µs and corresponding peak currents of 20 kAmps. This voltage is double the maximum charging voltage for the capacitors of 600 kV. Hipotronics confirmed this was acceptable operation.
SCALE MODEL INSULATORS

Cutler
Model insulators were constructed using a scale factor of 1/7 that of the Austin Insulators Inc. safety core insulators in place at Cutler. During the first test period, we did preliminary tests with a scale model of the Cutler insulator made from a hollow PVC pipe (1 inch diameter), with copper end fittings, aluminum rings, and attaching hardware. With high dV/dt pulses, this model flashed over inside the PVC pipe, blowing off the end-caps.
For that reason, we constructed the remaining scale model insulators using similar copper end fittings and aluminum rings and attaching hardware but replacing the hollow PVC pipe with a solid polycarbonate rod. The polycarbonate plastic rod makes an excellent insulator. This material is similar to the material used for the see-through body of the full-scale insulator tested at Hydro Quebec (Figure 2) . The specifications for the plastic in this insulator are given in Appendix A: Polycarbonate Plastic Specification. The scale model of the Cutler insulator suspended in place for testing is shown in Figure 10 . 
Reduced Air Gap Configurations
The proposed concept for protecting the safety core insulator from lightning involves reducing the air gap distance and moving the air (flashover) path farther away from the insulator. The concept is to decrease the ratio of the air gap path to the surface flashover path. At the same time, it is desirable to move the air gap path farther away from the insulator surface. We tested five configurations to investigate this concept. Four of the test configurations are shown in Figure 11 . Some of these configurations have reduced RF withstand capability over the original configuration because the air gap has been shortened. The amount of reduction in RF withstand voltage is approximately equal to the percentage the air gap is reduced.
Configuration 1, on the left in Figure 11 , is a drawing of the scale model Cutler insulator pictured in Figure 10 . Configuration 2, in the center of the figure, is similar, but the small ring at the grounded end has been replaced with a larger ring, making it symmetric. This configuration has only slightly less air gap than configuration 1.
Configurations 3 and 4 are shown on the right in Figure 11 . They are also symmetrical and use rings of the same size as the high-voltage end of the Cutler insulator but they have been moved closer together so that a portion of the insulator body is covered. This shortens the flashover path in air and significantly reduces the field on the triple points at the end of the insulator body. Configuration 3 reduces the air gap between the rings to 2/3 of that of configuration 2.
Configuration 4 is similar to configuration 3 except that the rings are moved closer together so that the air gap is reduced to 1/2 that of configuration 2. A test sample of configuration 4 is shown in Figure 12 .
A fifth configuration was tested (not shown in Figure 11 ) using the high-voltage end ring of configuration 4 and the low-voltage end ring the same as that on original Cutler insulators. The air gap distance for this configuration is reduced by approximately 1/4 that of configuration 2. This configuration is shown in Figure 13 . 
TEST SETUP
During the first test period, we had some trouble with induced voltages from the large current flashovers getting into our equipment. In particular, we damaged a special Lecroix storage oscilloscope and had to revert to a Hewlett-Packard ® digital storage scope. Also, the noise from the larger current flashovers was very loud. For the second test, we set up a portable screen room about 50 feet away from the test object and grounded all our equipment carefully. Earplugs were provided to all the observers. The portable screen room is shown in Figure 14 . The Hipotronics control console and the digital scope can be seen on the right-hand end of the table. The video recording equipment can be seen at the left-hand end of the table. 
FLASHOVER LOCATION
The test plan called for using a digital video camera for recording each flashover. The video was to be recorded on a DVD that allowed playback immediately after each shot. We had used this technique previously to locate flashover paths in the VLF/LF Aguada helix house and at Hydro Quebec. In those cases, the videos were recorded using an analog video camera. Unfortunately, the digital video camera we used in the tests described here did not give an accurate image of the flashover location, and we abandoned that effort early in the test.
We tried to locate the arc using direct visual observation, including putting mirrors at the side and behind the test object (Figure 10 ), but this was only partially successful. Part of the reason this did not work well is that the transparent polycarbonate rod lets light through from all angles and the surface reflects light as well, so the intense light from an arc always seemed to come from the surface of the polycarbonate rod. We had several observers looking from different angles, and we even tried moving an observer to partially shielded positions closer to the test sample. There were times when visual observations could confirm that the flashover was in the air away from the rod but, in general, visual observation was not a reliable way to determine if the flashover path was along the surface or in the air.
By serendipity, we discovered there was a slight modification of the surface of the plastic when flashover occurred along the surface. This was not a carbon track but a slight distortion of the surface, probably caused by surface melting that could be seen upon close examination of the polycarbonate plastic. The surface distortion was apparent when the polycarbonate rod was viewed up close with the back lighting in the test cell, and it can be seen by close examination of Figure 13 . The test procedure was modified after this was discovered.
The modified test procedure started each test sequence with a new clean sample of polycarbonate rod. The test sequence started at the lowest charging voltage and slowly increased to the maximum.
The insulator rod was carefully examined following each pulse that resulted in a flashover. The appearance of the surface distortion revealed the level at which the flashover path transitioned from being in the air to being along the surface.
Future tests will use a high-speed video camera and possibly a temperature-sensitive paint on the surface of the insulator. The paint will give a clear indication of surface flashover, but once flashed, the sample will be ruined due to the tracking of the paint. The insulating capability of the polycarbonate rods by themselves seemed to remain unchanged even though they had been flashed over on the surface (see next section).
TEST RESULTS
Voltages and Currents
The test results were similar with the previous test in that no flashover occurred at low peak voltages. As the charging voltage was increased, flashover would start to occur across the air gap between the rings. For some configurations, flashover would transition from ring-to-ring in the air to being along the surface of the polycarbonate rod as the charging voltage (and hence dV/dt) was increased.
We recorded the peak voltages and currents for each flashover. At low charging voltages, there would be no flashover. As the charging voltage was increased, the flashover would occur well after the peak voltage occurred. These flashovers always occurred from ring-to-ring in the air. As the charging voltage increased, the time between pulse start and flashover decreased. Eventually, the time to flashover became short enough so that flashover occurred on the leading edge of the pulse. When this occurred, the peak voltage was determined by the time that flashover occurred. Generally, as the charging voltage was increased, the time to flashover decreased and the maximum value of the voltage increased.
However, a very interesting phenomenon occurred for those configurations exhibiting surface flashover. At charging voltages above the point where surface flashover started, the time to the flashover and the peak voltage observed decreased with increasing voltage. This was a surprise. At the time, we thought it might have to do with the fact that the polycarbonate rod had been tracked, changing the flashover characteristics of the insulator.
To check this hypothesis, a test was done by increasing the charging voltage in steps up to the maximum and then reducing the charging voltage in the same steps back down to the starting level. As the charging voltage was increased, the flashover path transitioned to the surface. The charging voltage was increased more and, at higher voltages, several flashovers occurred on the surface. After reaching the maximum, the charging voltages were reduced using the same steps, starting at the highest level. The peak voltages and currents for the decreasing set of voltages were the same as those for the increasing voltage sequence. Visually, it appeared that the transition back to ring-to-ring flashover was at the same voltage as when the insulator surface had not been affected. This indicates that the reduction in peak flashover voltage at higher charging voltages was not due to modification of the insulator surface.
A possible explanation for this is that the time to complete surface flashover is less than that for the air flashover, and it appears that the delay time decreases significantly as dV/dt increases. This could be due to a rapid increase in the surface flashover velocity with E, or the reduced time to reach the surface flashover initiation voltage, or the result of more energy being available to complete the surface flashover. Another possibility is that this is an artifice resulting from the circuit ringing.
Flashover Path
The primary objective of these tests was to investigate different ring configurations to see if there were some that might be able to protect the body of the insulator from lightning strikes having large values of dV/dt. Our pulsar was capable of dV/dt ~ 2.0 MV/µs and the scale factor was 7, corresponding to a full-scale dV/dt ~ 14 MV/µs, which equates to about 40% more than available at Hydro Quebec. Within that limitation, we found that configurations 3 and 4 always flashed over in the air. It is likely that these configurations would flash over along the surface at some increased level of dV/dt. All other configurations did flash over along the surface at some point as the voltage (dV/dt) increased. These results are indicated in Table 1 . 
CONFIGURATION 5 RESULTS
Configuration 5 is shown in Figure 13 and Figure 15 . This configuration performed similar to the configurations 1 and 2 in that as the charging voltage (dV/dt) increased, the flashover path transitioned from being in the air to going along the surface. However, in this instance the surface path was only along a portion of the insulator, a partial surface flashover.
The flashover path for this insulator started on the large ring and went from there through the air to the surface of the polycarbonate rod and then down the rod to the grounded end, terminating at the triple point formed by the edge of the copper end-cap. The lower portion of the surface flashover path can be seen on the insulator surface in Figure 13 . Figure 15 shows the model insulator with the flashover path highlighted by a ribbon. Note that on the high-voltage end the arc starts on the ring and then goes to the insulator surface, terminating on the triple point at the low-voltage end of the insulator. This same type of behavior was observed in the full-scale testing at Hydro Quebec. During that test, at dV/dt levels where the flashover path was transitioning from being in the air to going completely along the surface, some flashovers seemed to start from the big ring and then dive down to the surface of the insulator body. An example of this is shown in Figure 16 . It is interesting to note in Figure 16 that the surface termination point of the arc is at the triple point on the high-voltage (large ring) end of the insulator.
DISCUSSION
The test results are consistent with there being a large difference in the propagation time of a leader in air and a leader along the surface of the insulator. It is likely that the leaders propagating along the surface of the insulator originate from a location at or near the triple point at the ends of the insulator. Figure 16 is a good illustration of this. In that figure, there are several leaders in air coming off the smaller ring. The picture is a time exposure, so these leaders stopped propagating when the voltage dropped to zero at flashover completion. The picture shows how far the leaders got before flashover occurred. The leader going along the surface propagated much faster and, in this case, one of the air leaders from the ring made the connection near the surface, completing the current path.
From the picture, it appears that the surface leader propagation velocity was a minimum of 2 to 4 times faster than the air leader velocity based on the difference in the path lengths. However, the path length difference is not entirely due to the propagation velocity because it takes more voltage to initiate corona at the triple point because they are partially shielded. The delay between corona (leader) initiation on the small ring and at the triple point will depend upon the magnitude of dV/dt and the difference in the initiation voltage at these points. The delay will decrease with increasing dV/dt.
The electric field grading for insulators is designed to keep the triple points from corona at the operating voltages. They are also designed such that flashover from excessive RF levels always occurs in the air away from the insulating material. For impulse flashover with low values of dV/dt, flashover occurs in the air, the same as with RF. There is a minimum delay for air flashover and, as dV/dt increases, this delay allows much higher voltages to be reached before flashover occurs. For any given insulator configuration, there is a dV/dt level that results in enough voltage prior to flashover so that the triple points do go into corona. Surface flashover propagates faster than flashover in air and, once the required voltage is reached, the flashover will complete across the surface. Figure 17 shows several idealized waveforms that illustrate what happens when the insulator is hit with a voltage impulse. The waveforms are labeled in terms of the slope of the leading edge (dV/dt) in MV/µs. At low values of dV/dt, flashover occurs well after the peak of the waveform. The 1 MV/µs curve has a peak voltage of 1 MV. This was the threshold for flashover in the Hydro Quebec tests. At that level, flashover did not occur until almost 10 µs after the waveform started (off scale to the right in the figure) . As dV/dt increases, the delay to flashover in air reduces. This can be seen in the curve for 3 MV/µs curve, which is similar but the delay is less, with flashover occurring at 1.8 µs. When 6 MV/µs is reached, flashover occurs on the leading edge of the pulse and the peak pulse voltage is reduced over what it would be if flashover had not occurred. This figure includes the 6-MV/µs curve where flashover just started to occur on the leading edge of the pulse. The next curve, 7 MV/µs, is where flashover began occurring on the surface. The picture in Figure 16 shows the flashover path observed for this level of dV/dt. At greater values of dV/dt the flashover path was entirely along the surface (Figure 2) .
The observed air flashover initiation threshold is 1 MV. Assuming the surface flashover initiation threshold is 5 MV gives a much faster surface propagation time than the factor of 2 to 4 estimated from the ratio of surface and air path lengths in Figure 16 . To illustrate this, arrows have been placed in Figure 18 indicating both the air flashover threshold and delay time and an estimated surface flashover threshold and delay. From the figure, it can be seen that for values of dV/dt less than 7 MV/µs the timing is such that flashover will be in the air. At a value of dV/dt of 7 MV/µs, the combination of thresholds and delays makes it such that flashover occurs at the same time for surface and air phenomena. Thus, at this value of dV/dt, flashover will occur sometimes on the surface, sometimes in the air, and sometimes a combination of surface and air. The figure shows that when dV/dt > 7 MV/µs, the shorter delay time for surface flashover results in the surface flashover path, completing well before the air path is completed.
The time delay of the leaders across the gap is a function of voltage. The delay decreases with increasing voltage until it reaches a minimum determined by maximum leader velocity. Figure 19 shows the delay for the air gap flashover from pulse initiation as a function of dV/dt. The data were generated using the computer program written by Monga [11] . The threshold for air breakdown was a peak pulse voltage of 1 MV, corresponding to dV/dt of 1 MV/µs. The delay curve in the figure shows a corresponding time delay of 9 µs. As the voltage increases, the delay decreases, asymptotically approaching a value of 0.6 µs. The figure also contains a speculative curve for surface flashover assuming a threshold of 5 MV and an assumed delay curve. When dV/dt is less than 7 MV/µs, the delay of the air flashover is less than that for surface flashover and flashover occurs in the air. The voltages for air flashover are those from the program. However, when dV/dt is greater than 7 MV/µs, surface delay is less and flashover occurs on the surface. For this region, the peak voltage shown was estimated using the postulated threshold and delay curve shown. Under these assumptions, the peak voltage actually decreases in a range of dV/dt just above where surface flashover starts. This reduction in peak voltage was observed in the Dixon scale model tests.
The above explanation of the dV/dt surface flashover threshold phenomena leads to one potential method for increasing the surface flashover threshold by adding shielding around the triple points to increase the surface flashover initiation voltage. An example is shown in Figure 20 , where the threshold for surface flashover has been increased to 10 MV. In this case, using the previously postulated delay, surface flashover will not occur until dV/dt reaches 20 MV/µs. Note that very high dV/dt rates lead to very large voltages across the insulator. For example, in Figure 20 the peak voltage experienced would be 12 MV. This voltage does not last long but there may be failure mechanisms that can result from this voltage. For example, dielectric punch-through happens fast, and this could result when the voltage is high enough even though it was there for a very short period. Computer analysis of the cutler safety core insulator interior was done to examine the possibility that breakdown could occur on the pin inside the high-voltage end-cap if enough oil leaked out to expose a portion of the pin to air [20] .
The critical breakdown gradient for a 1.5-inch-diameter pin in air is 22.6 kV/cm [10] . The calculations indicated that the gradient on the pin inside the insulator cap, with enough oil removed to partially expose the pin to air, was 6.3 E-4 kV/cm/Kv. This requires 29.3 MV across the insulator to reach the critical level for breakdown on an internal pin exposed to air. The breakdown voltage would be considerably greater if the pin is surrounded by oil. It is unlikely that this voltage level was reached, even with the 100-kAmp lightning strike. It is also unlikely that the oil level was low enough to expose the internal pin to air [21] .
An alternative method to increase the dV/dt threshold for surface flashover and to reduce the maximum voltage appearing across the insulator is to reduce the threshold and delay for air flashover by reducing the spacing between the corona rings. This reduces both the flashover voltage and the delay time because the gap is smaller. As mentioned before, one drawback to this approach is that the RF withstand voltage for the insulator will be reduced. The combination mode flashover shown in Figure 16 makes it clear that it is also necessary to make the air flashover path some distance away from the surface so the surface and air paths do not interconnect.
CONCLUSIONS
The results of the tests indicate that scale modeling can be used to determine some of the impulse flashover characteristics of full-scale insulators, including the path of flashover. The scale factor is chosen such that the product of dV/dt / insulator length = constant.
The test results validated that for the existing Cutler insulator configuration, the flashover path follows the surface of the insulator when dV/dt is greater than 7 MV/µs.
A limited set of alternate corona ring configurations was tested and it was determined that the rings can be adjusted closer together to force impulse flashover to occur in the air between the rings and not along the body of the insulator, at least for the levels of dV/dt that we could simulate. These results indicate that the Cutler safety core insulators can be protected from lightning-induced impulse flashovers with the appropriate corona ring configurations. However, the closer spacing results in a somewhat reduced level of RF withstand.
Another approach, not tested, is to put two or more insulators in series. In this case, dV/dt across each insulator would be reduced by the voltage division ratio, a factor something less than the number of insulators in series. Most other sites have more than one insulator between the active antenna components and ground, and this is thought to be the primary reason that lightning-induced failures have not occurred at those sites.
The air flashover path should be kept well away from the surface path so that combination surface-air flashover does not occur. The optimum distance is probably a function of the surface path length, and this should be explored using the scale models.
Corona rings designed for lightning protection should be symmetrical on both ends of the insulator.
Surface flashover is initiated at the triple points at the ends of the insulator. Further shielding the triple points should increase the dV/dt threshold for surface flashover.
The surface material, shape, and condition may affect the surface flashover threshold. Insulators energized at RF may have different surface flashover characteristics than un-energized insulators. Both of these effects should be investigated at least at the scale model level.
Finally, scale modeling is a good way to sort through corona ring configurations and search for optimum aspect ratios, but the final design must be tested at full scale. If possible, the effect of RF should be included in the testing.
RECOMMENDATIONS
The objective of the work described in this report is to understand the failure mechanism of the insulators at Cutler. It is part of an overall effort that includes determining how to fix the problem at Cutler and the implications for the other Navy VLF/LF sites. The work described in this report verifies that the general failure mechanism at Cutler involves high dV/dt impulses occurring across the insulators resulting from lightning strikes. The implications for other sites will be reported separately.
The U.S. Navy has started a procurement program to replace the insulators at Cutler with fail-safe insulators. This will be done in two phases, one for each six-panel array. The first is scheduled for the summer of 2007 and the second for the summer of 2009. The cost of this replacement is significant. Following the replacement of the insulators in the first array, there will be enough safety core insulators to double-insulate the second array. If it can be shown that the use of modified rings and/or double-insulating would enable the safety core insulators to operate reliably at Cutler, the second procurement could be avoided, with considerable savings to the Navy. Therefore, it is recommended that the U.S. Navy pursue design and testing of a modified corona ring assembly for the Cutler safety core insulator assembly for Cutler that will significantly increase the surface flashover threshold, thereby enabling reliable operation at with the existing insulators.
Design and testing would consist of the following:
1. Theoretical and empirical (at Dixon) investigation of the corona onset levels at the triple point.
2. Computer analysis of the existing insulators to design corona mitigation hardware for the triple point.
3. Modification of impulse generator circuitry to maintain fast raise time but reduce ringing and peak current.
4. Future scale model tests with high-speed photography available to determine the flashover path.
5. Scale model impulse tests to examine the effect of material, surface shape (rain sheds), and surface condition.
6. Scale model impulse tests at Dixon with appropriate material as determined from item 5 above for a Cutler insulator to determine optimum aspect ratios for corona rings and minimum air-gap to surface-length ratios.
7. Scale model tests at Dixon, including impulse and impulse + RF tests.
8. Scale model tests using a different scale to be conducted at a facility having a large lightning simulator like Hydro Quebec. These tests would be useful for quantifying the velocity factors and for simulating the response of the insulators to higher dV/dt impulses than are available for full-scale testing.
9. Full-scale testing of a final set of designs at a facility like Hydro Quebec with a large lightning simulator.
